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A B S T R A C T

Two low-cost Real-time Kinematic Global Navigation Satellite Systems (RTK GNSSs) being the Emlid “Reach
RTK” and the NavSpark “NS-HP” were evaluated in terms of positioning accuracy and precision. Each GNSSs’
rover unit was mounted on a field robot that travelled by manual remote control along a pre-defined test track in
six repeated trials. The precision of the two systems was evaluated through F-test statistics.

The combined accuracy of the two GNSSs was determined by comparing the positioning data to a fixed known
distance between the GNSS antennas on the robot (472 mm). In three out of six trials, both GNSSs remained in
fixed solution status, and showed a Root Mean Square Error (RMSE) of less than 50 mm, which was within the
expected range. In two other trials, one of the GNSSs started in float solution status, and subsequently transi-
tioned to fixed solution status. In these trials, the RMSE was still well within one meter, which was expected in
float solution status. In one trial, a false fixed position status was encountered, where the NavSpark GNSS falsely
claimed it was in fixed solution status. This issue needs to be alleviated in the future by improvements in signal
conditioning, noise, and software, and/or by sensor fusion. Although the Emlid GNSS had superior localization
performance, as its percentage of data in fixed solution status was 94.0% compared to 71.5% for the NavSpark
GNSS, both were deemed promising for use on experimental field robots.

1. Introduction

Precision Agriculture (PA) comprises an information and tech-
nology-based management system to collect, identify, and analyse
spatial variability within fields. Its goals are to optimize farm profit-
ability and sustainability, in addition to protecting the environment.
Spatial information technologies include the Global Positioning System
(GPS), Geographical Information Systems (GIS), Variable-Rate
Technologies (VRT), and Remote Sensing (RS). The use of PA technol-
ogies can lead to increased efficiency in resource use, reduced en-
vironmental impact, increased food security, as well as improved
quality of life and health of workers (Perez-Ruiz et al., 2012).

To obtain and manage spatial information within PA, the Global
Navigation Satellite System (GNSS) is vital. In addition to the classical
use of GNSS for agricultural machine tracking and guidance, currently,
field robots and unmanned aerial vehicles (UAVs) are in widespread use
in PA (Bakker et al., 2011; Bechar and Vigneault, 2017, 2016; Ji et al.,
2012; Mousazadeh, 2013; Oksanen and Backman, 2013; Yin and
Noguchi, 2013).

Agricultural field robots typically navigate between plant rows to
perform a specific task (Bechar and Vigneault, 2017; Ji et al., 2012;
Mousazadeh, 2013). UAVs acquire aerial imagery of agricultural fields
with a resolution of approximately five centimetre per pixel. Since
UAVs capture images that represent a large portion of the field, they
can operate using low-cost GNSS devices with a positioning error of less
than five meters. However, field robots operate within a limited space
between crop rows and under varying soil conditions (Dong et al.,
2013), and hence, require higher accuracy and precision than UAVs.
Various guidance systems are in use in field robots such as GNSS based
guidance (Bakker et al., 2011; Dong et al., 2013, 2011), vision based
guidance (Morimoto et al., 2005; Xue et al., 2012; Yin and Noguchi,
2013), LIDAR based guidance (Weiss and Biber, 2011), and combina-
tions of these (Subramanian et al., 2006). Field robot guidance based on
GNSS uses real-time kinematic GNSS (RTK GNSS) that provides centi-
metre or sub-meter level error in real time (Bakker et al., 2011; Bechar
and Vigneault, 2017). RTK GNSS relies on wireless communication
between a stationary base station and a mobile rover, the latter being
typically affixed to an agricultural machine or robot (Dong et al., 2011;
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Koo et al., 2017). The assumption is made that the positioning error
occurring at the base station GNSS affects the rover’s GNSS identically.
Thus, a highly accurate rover position can be obtained by transmitting
in real-time the positioning error from the base station to the rover. In
an RTK GNSS, to obtain a “fixed” solution, with centimetre level ac-
curacy and precision, at least five satellites need to be accessible to the
base station and the rover simultaneously. A “float” solution, with a
sub-meter level error, requires access to at least four satellites (Dabove
and Manzino, 2017). In RTK GNSS, a carrier phase, sent from the sa-
tellites to the GNSS receivers, allows for positioning with high precision
and accuracy. The carrier phase measurement is an integer number of
cycles plus a fraction of a cycle. For the system to work properly, it is
necessary to determine the integer number of cycles between a satellite
and the GNSS receiver, a process termed integer ambiguity resolution.

Integration of a RTK GNSS in a robot or machine increases its cost
dramatically (Dong et al., 2011; Mousazadeh, 2013; Pedersen et al.,
2006), as RTK GNSSs can cost up to 20–30 thousand USD (Koo et al.,
2017). Therefore, to widely proliferate the application of PA in general,
and agricultural robotics in particular, it is imperative that the costs of
RTK GNSS systems be reduced significantly (Mousazadeh, 2013). Low-
cost, compact RTK GNSS modules are available that can be readily in-
corporated into robotic applications (Liu and Li, 2017; Odolinski, 2017;
Odolinski and Teunissen, 2017; Tsakiri et al., 2017), since open source
libraries are available for RTK GNSS correction (Takasu and Yasuda,
2009), and because system software can be executed on small, low-cost

computer boards such as the BeagleBone Black and Raspberry Pi. The
combination of these elements may enable wide-spread utilization of
low-cost RTK GNSS technology in agriculture and beyond.

The objective of this research was to compare the positioning ac-
curacy and precision of two low-cost, single-frequency RTK GNSS sys-
tems in a dynamic setting.

2. Materials and methods

The RTK GNSS modules tested were a “Reach RTK” (ER-RTK)
manufactured by Emlid (Emlid Ltd, 2018) and a “NS-HP” (NS-RTK)
manufactured by NavSpark (NavSpark, 2018). The ER-RTK module was
based on the Ublox Neo-M8T single-frequency carrier phase GNSS
chipset, featuring 72 channels, and supporting GPS/QZSS/ L1 C/A,
GLONASS G1, BeiDou B1, SBAS L1 C/A, and Galileo E1. This module
uses an Intel® Edison computer module integrated in a Ublox GNSS
chipset which supports storage, processing, data transfer and wireless
communication.

The ER-RTK uses open source RTK processing software named
RTKLib (Takasu et al., 2009; Takasu and Yasuda, 2013, 2009) for
processing raw data collected from a base station and rover for position
correction. The RTKLib library allows for setting configuration para-
meters such as elevation mask, signal-to-noise ratio, communication
baud rate, and integer ambiguity resolution. The ER-RTK uses a Tal-
lysman TW4721 GNSS antenna, featuring low noise (1 dB), a gain of
26 dB, and the ability to receive L-band GPS, GLONASS, Beidou, and
Galileo signals (L1, G1, B1, B1 BOC, B12, E1) as well as augmentation
signals (WAAS, EGNOS and MSAS SBAS). To communicate between a
base station and a rover, the ER-RTK modules were connected to an
RFD 900+ modem using a serial UART port. Fig. 1 shows the layout of
the RTK GNSS using ER-RTK modules and an RFD 900+ modem.

The ER-RTK module has a web-based application called ReachView
to access the RTKLib library configuration, and others user settings. The
base station’s serial messages sent to the rover were 1002 (GPS L1
observations) and 1006 (ARP station coordinates). The setting para-
meters of the rover and base station configuration for RTKlib in ER-RTK
are shown in Table 1.

The NS-RTK module is based on the SkyTra chipset, featuring 20

Fig. 1. Layout of the low-cost RTK GNSS comprising a base station and rover using Emlid Reach RTK modules (ER-RTK) and RFD 900+ modems for wireless
communication.

Table 1
Emlid Reach RTK GNSS configuration.

Parameters Rover Base station

Mode Kinematic Base station
Elevation mask 15° 15°
Signal-to-noise ratio (SNR) 35 dB 35 dB
Update rate for positioning 5 Hz 5 Hz
Communication between rover and base

station
Serial (RTCM 3) Serial (RTCM 3)

Baud rate for serial communication 38,400 bps 38,400 bps
Integer ambiguity resolution (AR) for GPS Fix and hold Fix and hold
Positioning output format Lat, lon Lat, lon
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GPS/SBAS/QZSS channels and 6 BDS channels, 1 Hz RTK, and single-
frequency carrier phase (L1/B1 C/A Code) for RTK reception. The NS-
RTK module firmware is stored in two 32-bit controllers, which process
raw data from the base station and the rover to calculate corrections.
The antenna used with the NS-RTK was a Tri-band GPS/Galileo/
Beidou/Glonass active unit, operating at a frequency from 1558 MHz to
1615 MHz, noise of 2 dB, and a gain of 27 dB. A BeagleBone Black
computer board (BBB) was connected to the NS-RTK rover module
through a serial UART to read and store output correction data using
Python code. Both NS-RTK modules were connected to a RFD 900+
modem through a serial UART port to allow communication between
the base station and the rover. Fig. 2 shows the layout of the RTK GNSS
using NS-RTK modules and RFD 900+ modem.

The NS-RTK modules were configured through a serial connection
using GNSS Viewer Customer Release V2.0.296 software. Table 2 shows
the settings for rover and base station for the NS-RTK firmware.

In the base station NS-RTK module, the output raw data was
transmitted serially in RTCM3 format at a baud rate of 57,600 bps. The
base module streamed 1002 (GPS L1 observations) and 1006 (ARP
station coordinates) messages using the RTCM3 format.
Communication between the base station and the rover was established
through telemetry as shown in Figs. 1 and 2. For each RTK GNSS, the
telemetry system comprised dual long-range RFD 900+ modems, with
a range of 40 km depending on antennas and ground station control

setup. The RFD modems were configured to operate at 915 MHz with
transfer rates of 64 kBs−1, a serial UART baud rate of 57,600 bps, with
four 915 MHz, 3 dB dipole antennas (two for each modem).

The accuracy of any GNSS can be evaluated by evaluation of ab-
solute errors, i.e., the distances between a current position and a re-
ference position, whereas the precision can be evaluated by calculating
the standard deviation of a set of recorded positions (Valbuena et al.,
2010). To evaluate the performance of the two RTK GNSSs, experiments
were conducted in which both modules were mounted on an agri-
cultural robot. Base stations were mounted on a tripod as shown in
Fig. 3. To reduce the probability of multipath error and interference,
provide shielding and improve signal reception, the GNSS antennas
were mounted on an aluminium ground plane.

The ER-RTK and the NS-RTK rovers were affixed to opposite sides of
a robot (Fig. 4). The robot was based on a four-wheel-drive surface
mobility platform (Gears Educational Systems, DEPCO, LLC, Pittsburg,
KS). The overall length, width and height of the robot chassis was
610 × 610 × 330 mm, weighing 8.16 kg. During experimentation, the
robot was remote controlled. To avoid interference and multipath er-
rors, the antennas were mounted on 100 mm × 100 mm aluminium
ground planes. The horizontal distance between the GNSS antennas was
472 mm. The unmarked antenna shown in Fig. 4 on the right was not
used in this experiment.

Field tests were conducted on a grass surface, located at approxi-
mately lat/lon: 40.102239, −88.227140. The weather was clear with
an ambient temperature of approximately 15 °C. A track marked with
flags was used to conduct six dynamic experiments. The robot was
moved along the track using human operated remote control and
therefore approximately followed the same track repeatedly. For each
trial, the robot started at the same position and travelled along the track
with an average speed of 0.325 m s−1. Before commencing an experi-
ment, the robot was kept stationary for about five minutes, allowing
both RTK GNSSs to fix their locations. The two base stations were lo-
cated in the centre of the track at a mutual distance of approximately
two meters.

The precision and accuracy were measured in a dynamic setting. To

Fig. 2. Layout of low-cost RTK GNSS composed of NavSpark RTK modules (NS-RTK), whilst using RFD 900+ modems for wireless communication between base
station and rover. The BeagleBone Black computer board was used to read and store data.

Table 2
NavSpark NS-HP RTK GNSS configuration.

Parameters Rover Base station

Mode Kinematic Base station
Elevation mask 15o 15o

Signal-to-noise ratio (SNR) 35 dB 35 dB
Update rate for positioning 1 Hz 1 Hz
Communication between rover and base

station
Serial (RTCM 3) Serial (RTCM 3)

Baud rate for serial communication 57,600 bps 57,600 bps
Positioning output format NMEA 0183 NMEA 0183
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evaluate the precision of the positioning data, a statistical analysis was
conducted using distances through which the robot travelled during
time intervals of one second, termed Distance Travelled Per Second
(DTPS), as shown in Fig. 5. The mean, standard deviation (SD),
minimum, maximum, and coefficient of variation (CV) for the DTPS
data were calculated for both the ER-RTK and NS-RTK GNSSs. The
analysis was conducted using open source GIS software (QGIS version
2.1815). In addition, to compare the precision between the two RTK
systems, the Total Distance Travelled (TDT) was calculated, as the sum
of the DTPSs for each of the six experiments. The SD of DTPS and TDT
was mainly considered for explaining and comparing their level of
precision. A statistical F-test was used to compare the SD of the TDT for
each RTK GNSS.

Owing to the unavailability of a higher accuracy RTK system for
comparison, the accuracy of the RTK GNSSs was determined by taking
the fixed distance between the RTK antennas (472 mm, see Fig. 5) as a
reference. As before, at second long time intervals, the Distance from
the ER-RTK to the NS-RTK antenna (DEN) was calculated. The absolute
dynamic error was considered the absolute difference between the

reference distance of 472 mm and the recorded distance (DEN).
Therefore, the calculated accuracy represents both RTK GNSSs com-
bined. The mean, standard deviation, minimum, and maximum DEN
were calculated. Then, the absolute dynamic errors for each second
interval were calculated. Finally, the mean absolute distance error
(MAE) and root-mean-square distance error (RMSE) of the DEN were
calculated using Eqs. (1) and (2) respectively.

=
∑ −

=RMSE
DEN

n
( 472)i

n
1

2

(1)

=
∑ −

=MAE
DEN

n
| 472|i

n
1

(2)

where DEN is the recorded distance in mm between the ER-RTK and the
NS-RTK GNSS antennas, 472 in mm is the fixed physical distance be-
tween the ER-RTK and NS-RTK GNSS antennas, and n is the number of
observations.

3. Results and discussion

The positioning data collected among six trials are shown in Fig. 6.
In the figure, dots represent the ER-RTK GNSS, and crosses the NS-RTK
GNSS. The ER-RTK and NS-RTK trajectories do not overlap because of
the fixed distance between the GNSS antennas (472 mm). The carrier
phase, sent from the satellites to GNSS receiver, is an integer number of
cycles plus a fraction of a cycle. In RTK GNSS systems, algorithms are
used to determine the exact number of cycles between receiver and
satellites, a process termed integer ambiguity resolution, which allows
to determine the distance between the receiver and satellites with high
accuracy. A fixed solution is present when an integer ambiguity re-
solution is obtained, otherwise, a float solution is present. In the fixed
solution case, potentially centimetre accuracy can be obtained (Dabove
and Manzino, 2017). In Fig. 6, fixed and float solutions are represented
in black and blue respectively.

In trial 1 (Fig. 6A) the ER-RTK GNSS from the start attained and
maintained a fixed solution, implying that the GNSS receiver tracked
and applied differential corrections to fix the phase ambiguities to an
integer value. However, during the same test, the NS-RTK data were
observed as float solutions, where ambiguity resolution resulted in a

Fig. 3. Base station with Emlid Reach RTK (ER-RTK) module (left) and NavSpark RTK (NS-RTK) module (right).

Fig. 4. Rover RTK GNSS module setup on the field robot.
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decimal number. In the case of float solution, sub-meter accuracy is
achievable (Dabove and Manzino, 2017). Although there was a float
solution for the NS-RTK unit, the robot followed the predefined path
with sub-meter accuracy, albeit with a higher offset error (difference
between the calculated distance between the GNSS antennas and the
true 472 mm) compared to the ER-RTK.

In trial 2 (Fig. 6B) the ER-RTK was initially in float solution and
then graduated to a fixed solution, as shown in the zoomed-in portion of
Fig. 6B, where the ER-RTK position status changed from a float (blue) to
a fixed solution (black). 61.4% of the ER-RTK GNSS data was in fixed
solution status whereas fixed solution status was observed for the NS-
RTK along the entire track. It is clear that at the point where the po-
sition status of the ER-RTK GNSS changed from float to fixed solution,
the offset distance between them reduced and the accuracy improved.

During trial 3 (Fig. 6C), trial 4 (Fig. 6D), and trial 6 (Fig. 6F), all
data for both the ER-RTK and the NS-RTK were observed in fixed so-
lution status.

In trial 5 (Fig. 6E) 98.7% of the ER-RTK data was in fixed solution
status, and 63.4% of the NS-RTK data was in fixed solution status. Trial
5 is of particular interest since, as is clear from Fig. 6E, at the start of the
trial, the observed coordinates of the NS-RTK GNSS were located far
away from the track. The phenomenon observed here is termed a false
fixed solution, meaning that the NS-RTK GNSS reports a fixed position
solution (as shown with black crosses), while it is not. The false fixed
solution phenomenon can happen for several reasons, among which
erroneous estimation of phase ambiguities by the algorithm, noise in
the correction data from the base station, and the effect of the en-
vironment in which the GNSS operates (Dabove and Manzino, 2017).
Detecting false fix problems in single-frequency GNSS receivers is a
challenge for future work. Dabove and Manzino (2017) used an artifi-
cial neural network (ANN) for detecting false fixed solutions for single-
frequency GNSS receivers. Their algorithm had a 99.7% probability of
detecting phase ambiguity in false fixed solution scenarios. In trial 5
(Fig. 6E), after some false fixed solution status data at the start, the NS-
RTK data status transitioned to a float solution (zoomed in portion on
the left), and eventually to fixed solution data (zoomed-in portion at the
bottom). The percentages of data that were in fixed solution during all
six trials combined was 94.0% for the ER-RTK GNSS and 71.5% for the
NS-RTK GNSS. Therefore, overall, the ER-RTK GNSS yielded better re-
sults than the NS-RTK GNSS.

Table 3 shows the statistical analysis for Distances Travelled Per
Second (DTPS) as described earlier and shown in Fig. 5. The coefficient
of variation (CV), which represents the standard deviation divided by
the mean, is an indicator of the relative precision of the DTPS data. A
low CV value indicates precise data since the standard deviation around
the mean is small (ideally zero). Table 3 shows that only for trial 1, the
standard deviation was, based on an F-test, near identical for both RTK
GNSSs. However, in this trial, the CV was the highest among all trials,
in the range of [51.11, 53.2%]. Table 3 also shows that the CV values
for both systems show consistency for trials 2, 3, 4 and 6. The CVs in
trial 5 are consistent with trials 2, 3, 4, 6 for the ER-RTK GNSS
(13.64%), but the CV for the NS-RTK GNSS is extreme (76.7%). This
was caused by the effects of the false fixed solution issue as described
earlier.

The CVs for the ER-RTK GNSS were consistently below 15% for all
trials, except trial 1. The reason was that during trial 1 the robot was
stopped for a few seconds, resulting in the minimum distance travelled
being approximately 0.0 m (Table 3). The standard deviations of the
NS-RTK GNSS data were greater than those of the ER-RTK GNSS for all
trials according to an F-test at a 1% significance level. For trial 5, the
differences were high compared to the other trials.

For further comparison, the Total Distance Travelled (TDT) was
calculated for each RTK GNSS as shown in the right hand column of
Table 3. While ignoring trial 5, which suffered from ample erroneous
data, the TDT values among the two GNSSs showed a bias of on average
2.865 m. This was expected, since the ER-RTK antenna travelled outside
and the NS-RTK inside the track.

Ideally, if both GNSSs had the same precision, they should have
same standard deviation values. However, it was observed that the TDT
standard deviation was significantly different between the RTK GNSSs,
among all trials. Whilst taking all trials into account, the ER-RTK had a
far lower standard deviation in the Total Distance Travelled
(SDTDT = 356.31 mm) compared to the NS-RTK
(SDTDT = 4411.12 mm), but this difference was influenced dis-
proportionately by trial 5, which suffered from inconsistencies in the
data. When trial 5 is not taken into account, the standard deviations in
the Total Distance Travelled were found similar between the NS-RTK
and the ER-RTK GNSS systems being 366.84 mm and 368.03 mm re-
spectively (Table 3). However, the overall performance of the ER-RTK
was deemed superior over the NS-RTK, as 94% of its data was obtained

Fig. 5. Layout of the precision and accuracy mea-
surement in a dynamic setting. DEN(i) denotes two
data points representing the distance from the ER-
RTK to the NS-RTK antenna for a second long time
interval (i). The true value of this fixed distance
was 472 mm. DTPS(i) denotes data points re-
presenting the distance through which the robot
travelled during the same second long time interval
(i).
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in fixed solution status, whereas this was the case in only 71.5% of the
data for the NS-RTK.

To assess the combined accuracy of the two RTK-GNSSs, the con-
stant physical distance between the ER-RTK and the NS-RTK antennas
(472 mm) was used. It was assumed that if both GNSSs worked accu-
rately, the distance obtained from the ER-RTK and NS-RTK data would
be close to this reference distance. Table 4 shows the statistical analysis
for the DEN and error (MAE and RMSE). For trial 3, 4 and 6, where all
data were in fixed solution status, the mean distance between two an-
tennas was found 477.9 mm, 479.8 mm, and 481.8 mm, respectively,
all close to the reference distance of 472 mm. The root-mean-square
distance error (RMSE) was 30.7 mm for trial 3, 33.6 mm for trial 4, and
32.2 mm for trial 6, which was within expected error limits. A mod-
erately accurate result was obtained from trials 1 and 2. During trial 1,
all NS-RTK data was in float solution status (blue crosses in Fig. 6A) and
all ER-RTK data was in fixed solution status. Conversely, during trial 2,

part of the ER-RTK data was in float solution status (blue dots in
Fig. 6B) whereas all of the NS-RTK data was in fixed solution status.
Therefore, it was expected that trial 2 would yield higher accuracy than
trial 1, but the result was the opposite; in trial 1, the RMSE was
49.4 mm and, in trial 2 the RMSE was 122.7 mm. Nevertheless, since
the accuracy of RTK GNSSs in float solution status is assumed at sub-
meter level (Bakker et al., 2011; Bechar and Vigneault, 2017), the
RMSE error for trials 1 and 2 are within expected limits. Trial 5 re-
presents an outlier, since here the false fixed solution problem occurred;
the RMSE of 1307.4 mm places it outside expected limits, even in the
case of float solution status.

It is important to emphasize that the results shown in Table 4 were
for both GNSS combined, since they are separated by 472 mm on the
robot, which was the reference for calculating the combined accuracy.
In this experiment, it was not possible to determine the accuracy for the
NS-RTK and ER-RTK GNSSs separately, for lack of a higher accuracy

Fig. 6. Robot trajectories of the ER-RTK and NS-RTK GNSSs. Note that black symbols represent fixed solution status positions (expecting centimetre accuracy) and
blue symbols float solution status positions (expecting sub-meter accuracy). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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GNSS.
Overall, the results imply that it is possible to use low-cost RTK

GNSSs for ground robots that need high precision. The experiments
show that a guidance system could be developed with two low-cost RTK
GNSS rovers on a robot (Rovira-Más et al., 2015). To increase the
system efficiency and reduce problems with RTK GNSS communication
loss, low-cost RTK GNSS could also be fused by Kalman filtering with
other sensors, such as LIDAR, Inertial Measurement Units (IMUs),
cameras, and others (Dong et al., 2011; Hu and Uchimura, 2004; Ji
et al., 2012; McKinion et al., 2010; Schleicher et al., 2010; Van Henten
et al., 2003; Weiss and Biber, 2011; Xue et al., 2012; Yin and Noguchi,
2013).

4. Conclusions

Two robot borne low-cost Real-time Kinematic Global Navigation
Satellite Systems (RTK GNSSs) being an Emlid “Reach” (ER-RTK) and a
NavSpark “NS-HP” (NS-RTK) were evaluated in terms of precision and
accuracy. Localization precision was evaluated by analysing the GNSS
data collected during six trials where the robot was steered by remote
control along a predefined path. When the RTK GNSS interprets data in
fixed solution status, it can attain the highest precision and accuracy; in
this status, the accuracy error expectation is less than 50 mm, whereas
in float solution status the accuracy error expectation is less than 1 m.

Regarding all trials combined, fixed solution status was present
among 94.0% of the data for the ER-RTK GNSS and 71.5% for the NS-
RTK GNSS. The ER-RTK GNSS also attained higher precision than the

NS-RTK GNSS during dynamic field tests; the average variation among
the six trials in the Total Distance Travelled (TDT) by the NS-RTK GNSS
was approximately 4,411 mm compared to 356 mm for the ER-RTK
GNSS.

During one of the six trials, a phenomenon termed false fixed so-
lution was encountered; here, the RTK GNSS claims it has attained a
high-accuracy fixed position, but, in reality, it has not. This type of
error is not uncommon in low-cost single-frequency RTK GNSSs and are
typically caused by interference, multipath errors and noise. Adjusting
the RTK receiver’s parameters can alleviate this to a certain extent.
Discarding the trial where the false fixed solution occurred resulted in
similar precision for both low-cost RTK systems. Although more re-
search is needed to address this issue, false fixed solution status may be
alleviated by sensor fusion with alternative guidance instruments such
as Inertial Measurement Units (IMUs) through Kalman filtering.

Overall, the data showed that both tested low-cost RTK GNSSs have
potential for use in experimental guidance systems in agriculture and
beyond.
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Table 3
Statistical analysis for Distances Travelled Per Second (DTPSs) for the NS-RTK and ER-RTK GNSS.

Trial RTK GNSS Mean (mm) SD (mm) Min (mm) Max (mm) CV (%) TDT (mm)

1 NS-RTK 309.02a 164.38 1.00 577.64 53.20 95177.87
ER-RTK 318.33a 162.69 0.00 581.10 51.11 98046.34

2 NS-RTK 467.10a 78.08 180.34 574.01 16.72 94821.13
ER-RTK 481.81b 60.95 237.43 685.62 12.65 97808.04

3 NS-RTK 461.60a 71.74 157.18 581.01 15.54 94166.44
ER-RTK 475.98b 57.45 234.69 582.02 12.07 97100.40

4 NS-RTK 449.50a 74.49 100.41 566.82 16.57 94845.16
ER-RTK 461.71b 62.91 200.00 558.75 13.62 97419.98

5 NS-RTK 497.80a 381.78 108.69 5767.50 76.69 105533.16
ER-RTK 462.06b 63.04 168.96 553.11 13.64 97957.26

6 NS-RTK 440.84a 71.05 183.17 550.36 16.12 94779.89
ER-RTK 454.61b 59.71 197.09 556.18 13.14 97741.35

SDTDT (mm) NS-RTK 4411.12a
ER-RTK 356.31b

SDTDT* (mm) NS-RTK 366.84a
ER-RTK 368.03a

SD – Standard deviation, Min – Minimum, Max – Maximum, CV – Coefficient of Variation, TDT – Total Distance Travelled, SDTDT – Standard deviation for TDT, SDTDT* –
Standard deviation for TDT without considering trial 5. Different letters (a, b) in different rows (NS-RTK or ER-RTK) imply statistically significant different values based on an
F-test.

Table 4
Statistical analysis of the distance between the ER-RTK and NS-RTK GNSS antennas (DEN) and error (MAE and RMSE) being the difference between DEN and the true
distance between both antennas (472 mm).

Trial Mean (mm) SD (mm) Min (mm) Max(mm) CV (%) MAE (mm) RMSE (mm)

1 459.80 48.29 360.56 537.89 10.50 10.20 49.36
2 552.08 91.27 438.32 760.68 16.53 −82.08 122.75
3 477.94 29.70 429.56 526.85 6.21 −7.94 30.75
4 479.87 32.12 419.15 532.12 6.69 −9.78 33.57
5 1028.70 1182.02 433.05 5973.63 114.90 −558.70 1307.41
6 481.77 29.98 419.31 535.05 6.22 −11.77 32.20

SD – Standard deviation, Min – Minimum, Max – Maximum, CV – Coefficient of variation, MAE – Mean absolute distance error between two GNSSs and reference*. RMSE –
Root-mean-square distance error.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.compag.2019.105142.
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